Recent studies suggest that the microbiome has an impact on gestational health and outcome. However, characterization of the pregnancy-associated microbiome has largely relied on 16S rRNA gene amplicon-based surveys. Here, we describe an assembly-driven, metagenomics-based, longitudinal study of the vaginal, gut, and oral microbiomes in 292 samples from ten subjects sampled every three weeks throughout pregnancy. 1.53 Gb of nonhuman sequence was assembled into scaffolds, and functional genes were predicted for geneand pathway-based analyses. Vaginal assemblies were binned into 97 draft quality genomes.
INTRODUCTION
The importance of the microbiota in human nutrition, immune function, and physiology is well known (Fujimura et al. 2010; Garrett et al. 2010; Charbonneau et al. 2016) , and disturbance (such as antibiotic use and disease) has important effects on the microbiome (Cho and Blaser; Costello et al. 2012) . Pregnancy is a natural disturbance that can be understood as a special 5 immune state. During gestation, significant hormonal, physiological, and immunological changes allow for, and promote the growth of a developing fetus (Nuriel-Ohayon et al. 2016) . For example, some of the changes that occur in pregnancy resemble metabolic syndrome (weight gain, glucose intolerance, and low-level inflammation, among other symptoms). Given the roles of the microbiome during other states of health, it is presumed to provide fundamental support 10 for fetal development as well (Charbonneau et al. 2016) . Despite this, few studies of the human microbiome in pregnancy, beyond community composition-based analyses, have been reported.
One study investigating the gut microbiota at one time point during each of the first and third trimesters suggested that community composition changes during pregnancy (Koren et al. 2012) . Similarly, abundances of viable counts of common oral bacteria have been found to be who delivered preterm) were diagnosed with having some type of pregnancy complication: preeclampsia, Type II diabetes, and oligohydramnios ( Supplemental Table S1 ).
Shotgun metagenomic sequencing was performed on 292 vaginal, oral, and gut samples that had been collected, on average, every three weeks over the course of gestation (Table 1 ; Supplemental Table S1 ). Community composition and estimates of diversity were evaluated 5 from full-length 16S rRNA gene sequences that were reconstructed from metagenomics reads using EMIRGE (Dick et al 2009) , and from the average number of single copy ribosomal protein (RP) sets encoded in assembled scaffolds. Based on reconstructed 16S rRNA gene sequences, 1,553 taxa (clustered at 97% identity) were identified. In total, 22,737 predicted proteins annotated as one of the 16 RPs described for phylogenetic classification in Hug et al.(Hug et al. 10 2016) were encoded in 4,650 assembled scaffolds at all body sites. The RP sets were clustered at 99% average amino acid identity (AAI) into 4,024 taxa (see Methods) ( Table 1) .
Estimates of richness and evenness from reconstructed 16S rRNA genes differed depending on body site: vaginal communities were the least diverse and gut communities were the most diverse (Supplemental Fig. S1A ). Vaginal communities appeared to be largely under-Most taxa identified by 16S rRNA gene reconstruction (classified at 97% average nucleotide identity, or ANI) and RP sets (classified at 99% average amino acid identity, or AAI) were shared between body sites among all subjects, but the level of sharing was most evident between vaginal and gut samples (Supplemental Fig. S1C ). Phyla found uniquely in gut samples included the Bacteria, Verrucomicrobia and Synergistetes, the Archaea, 5 Euryarchaeaota, and the Eukarya, Stramenopiles (Blastocystis homini); whereas phyla found uniquely in oral samples included the Bacteria, Spirochaetes and SR1. Novel taxa were detected in oral and gut samples: three 16S rRNA sequences in saliva could not be classified to a known phylum and three taxa represented by novel RP sets could not be classified at the domain level based on searches in the public databases. Similarly, six 16S rRNA gene 10 sequences in gut samples could not be classified at the phylum level, and 10 RP sets remained unclassified at the domain level.
Sources of variation in community-wide gene profiles
To gain insights into all potential sources of variation in the patterns of gene abundance from all other subjects) ( Fig. 2B ). NMDS plots of variance-stabilized UniRef90 gene family abundances in the distal gut microbiota showed a subtle effect of Shannon's diversity index on sample variation (Supplemental Fig. S5 ) and plotting Shannon's diversity index from ribosomal protein sets, from reconstructed 16S rRNA gene sequences via EMIRGE, and from UniRef90 gene families, indicated a decrease in diversity over time in our 10 subjects (Supplemental Fig. 
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S5). Finally, in oral and gut communities, health complication explained some variation in community gene composition: samples from the 3 subjects who were diagnosed with preeclampsia (two who delivered at term and one preterm) appeared to cluster separately from samples collected from subjects with other health states and pregnancy outcomes (Figs. 2D and 2F).
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To quantify the relative influence of gestational age, dominant taxon (vaginal microbiota), and health complication on community composition, redundancy analysis (RDA) was performed on variance-stabilized gene family abundances. Although the effect of gestational age was significant only for vaginal communities (F = 2.71, p = 0.017) when data from all subjects and samples were considered (Figs. 2C, 2E, and 2G), gestational age trends were significant at all 15 body sites and for most subjects, and showed stronger effects, when the data for each subject were examined separately ( Fig. 3; Supplemental Fig. S6 ). For vaginal samples, significant trends with gestational age were observed in 6 of 10 subjects (subjects Pre1, Pre2, Pre3, Term2, Term3, Term4) even in low-diversity communities dominated by L. crispatus (subjects Pre1 and Pre3) (Supplemental Fig. S6A ). The most abundant taxon in vaginal communities, and 20 health complication (preeclampsia, diabetes, oligohydramnios, or uncomplicated pregnancy) in gut and oral communities were highly significant sources of variation in gene family abundances based on RDA of the overall data (vagina: F = 14.97, p = 0.001; saliva: F = 11.20, p = 0.001; gut: F = 12.34, p = 0.001) (Figs. 2C, 2E, and 2G), although the numbers of subjects with each of these complications were small.
Overall pathway composition and abundance remained stable over time at all body sites when all subjects were viewed together (Supplemental Fig. S7 , top plots). Not surprisingly, core metabolic pathways consistently accounted for most of the overall pathway composition and abundance in all subjects. When pathways were viewed individually, their abundances were stable over time (e.g., glycolysis at all body sites, Supplemental Fig. S7 , bottom plots); however, 5 some pathways were variable over gestational age. For example, the relative abundance of the enterobactin biosynthesis pathway (a siderophore-mediated iron uptake system (Raymond et al. 2003) ) decreased towards the end of pregnancy in most gut and oral samples. Yet, the enterobactin biosynthesis pathway identified in some samples remain stable at low basal levels (ENTBACSYN, Supplemental Fig. S7, Gut, bottom plots) . These results suggest that iron may 10 have been in plentiful supply as pregnancy progressed in the oral and gut sites, leading to enrichment of organisms without enterobactin biosynthesis capabilities. In addition, the increasing relative abundance of the pyruvate fermentation to acetate and lactate pathway towards the end of pregnancy in gut samples (PWY-5100, Supplemental Fig. S7 , Gut) suggests that fermenters might become enriched in the gut during pregnancy.
15

Gardnerella vaginalis strains co-occur in the vagina
Gardnerella vaginalis is an important species associated with both bacterial vaginosis (Schwebke et al. 2014) and an increased risk of preterm birth (Callahan et al. 2017) . The nearcomplete draft genomes of six strains of G. vaginalis from the vaginal samples of four subjects 20 were recovered in this study ( Fig. 1A , colored light and dark green). G. vaginalis genomes were abundant early in pregnancy in two subjects who delivered preterm (Pre2 and Pre4), and they dominated samples later in pregnancy in two subjects who delivered at term (Term3 and Term4). Two subjects carried co-occurring G. vaginalis strains (Figs. 1A and 4A; subjects Term4 and Pre2). The strains shared >99% average pairwise nucleotide identity in the 16S
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rRNA gene yet single nucleotide polymorphism (SNP) patterns were evident in this gene (Supplemental Fig. S8A ). One strain was generally more abundant than the other throughout pregnancy: in subject Term4, both G. vaginalis strains were found at low relative abundance (less than 7% for each strain in any sample) ( Fig. 4A ); while in subject Pre2, the two strains coexisted at roughly equal abundances early in pregnancy and then one assumed dominance as gestation progressed (Fig. 4A ).
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To determine whether replication may have been associated with the relative abundance differences in G. vaginalis strains within each subject, iRep values were determined. iRep values have been employed to infer replication rates of microbial genome types from draft quality genomes reconstructed from metagenomic data and can be used to suggest that a particular microbial type is actively growing at the time of sampling (Brown et al. 2015) . As 10 described in (Brown et al. 2015) , an iRep value of 2 would indicate that most of the population is replicating 1 copy of its chromosome (Brown et al. 2015) . The iRep values for the co-occurring G. vaginalis strains in subject Pre2 indicate both strains were actively replicating at the beginning of pregnancy (iRep ~2.5) when both strains co-existed at relatively equal abundances. After gestational week 16, the Pre2_C1 strain remained dominant with a stable 15 replication rate value of ~1.5 (that is, roughly 50% of the population replicating) while the Pre2_C2 strain dropped below iRep calculation limits due to low abundance ( Fig. 4A) .
A full-length multiple genome alignment and phylogenomic tree of the six genomes recovered in this study, and 34 complete and draft genomes available in GenBank revealed five divergent clades ( Fig. 4B,C) . The dominant genomes recovered from subjects Term4 and Pre2 20 (Term4_C1, and Pre2_C1) were more similar to those of a similar genome type found in other subjects than to the co-occurring genome within the same subject ( Fig. 4B ). When using the ATCC 14019 type strain genome as reference, the total number of SNPs across the genomes did not correlate with the group phylogeny. In other words, a divergent clade does not necessarily harbor more SNPs than strains within Clade 1 to which the ATCC 14019 strain From over 50,600 genes predicted in all 40 strain genomes, ~4,000 genes were unique to a genome, and the rest could be clustered at >60% AAI over 70% alignment coverage into >3,300 orthologous groups. In total, 41,245 orthologous genes were present in at least half the genomes within each of the five clades described above (1763 orthologous groups) and ~44% of these represented the pangenome (cluster 4, Supplemental Fig. S9A ). Furthermore, 5 hierarchical clustering suggested groups of orthologous genes specific to each genome clade: Vaginal bacterial communities of many women are dominated by Lactobacillus iners (Ravel et al. 2011; DiGiulio et al. 2015) , an organism that has been associated with both health and disease (Macklaim et al. 2011) . Recent studies have shown that L. iners is associated with high diversity CSTs while L. crispatus (dominant species in CST I) is thought to be more protective against disease (Callahan et al. 2017; Smith and Ravel 2017) . We recovered 6 near complete L. 5 iners genomes, as well as 4 fragmented L. crispatus genomes (completeness was assessed based on single copy genes and average genome size).
A comparison of the L. iners genomes with the KEGG Automatic Annotation Server (Moriya et al. 2007) revealed no major differences in terms of the presence or absence of genes of known function. Alignment of the consensus L. iners genome sequences from five of the six 10 strains to the NCBI reference strain DSM 13335 using Mauve showed that the genomes share high levels of synteny (the genome from Pre4 was not used due to its high fragmentation) (see Methods; Fig. 5A ). Primary differences between strains were the variable presence of mobile element-like genes including classic phage and plasmid genes (such as phage integrases, phage lysins, phage portal genes, as well as genes putatively involved in restriction-modification 15 systems, toxin-antitoxin systems, and antibiotic transport), and many hypothetical genes ( Fig.   5A , islands). Analysis of orthologous gene groups among the six genomes assembled here and 18 other publicly available genomes confirmed that L. iners genomes are highly conserved, sharing 90.5% of their genes (Supplemental Fig. S10 ).
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The community composition of L. crispatus-dominated communities remained generally stable through pregnancy and tended to have low richness ( Fig. 1 and Fig. 5C ). A full genome alignment and analysis of orthologous genes of 41 draft genomes of L. crispatus, including six reconstructed in this study, grouped 80,484 genes into 4,705 orthologous groups present in at least 2 genomes. Hierarchical clustering of the presence/absence of orthologous groups 25 suggested two divergent clusters with more than half of the genes representing the core genome (Supplemental Fig. S11 ). The two L. crispatus types differed in the presence of core SNPs (SNPs present in all genomes) as well as in the presence of cluster-specific orthologous groups. A previous comparative genomics analysis of 10 L. crispatus genomes identified ~1,200 core genes as well as genome-specific genes encoding up to 40% genes of unknown function (Ojala et al. 2014) . Characterization of the L. crispatus group-specific genes might improve our understanding of the role of this species in human urogenital health. 
CRISPR-Cas diversity and CRISPR spacer targets
In order to investigate the phage and plasmid populations at the different body sites over the course of pregnancy, we characterized the types and distribution of the CRISPR-Cas systems in the vaginal, gut, and saliva assemblies ( whereas Type II was the dominant system in saliva samples (Fig. 6A ).
In total, there were 137, 618, and 1255 'repeat types' among vaginal, saliva, and gut 25 samples, respectively ( Fig. 6B , Supplemental Table S2 ). Each repeat type represents a repeat sequence found in a CRISPR locus; different CRISPR loci (within or between organisms) can share the same repeat type. Many more spacer types were found in the gut (36,477) and saliva (36, 279) samples than in the vaginal samples (3, 254) . Although there were twice as many repeat types in the gut than in saliva, the similar total number of spacers in the samples from each site suggested there were either longer CRISPR loci in organisms (on average) in saliva or there were more CRIPSR loci that shared the same repeat type among organisms in saliva.
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We used the CRISPR spacers to detect matches in the NCBI database of viral genomes as well as across the data generated in this study. We found significantly more matches (and sequence similarity) to the data generated from our samples than to the NCBI virus database (Supplemental Fig. S12A ). Within the metagenomic data, there were 78,054 total matches between spacers and scaffolds ( Fig. 6B ). On average, ~32% of the spacers had at least one 10 match to a scaffold of one of the body sites (vaginal: 31%; saliva: 38%; gut: 28%). Gut and saliva spacers had the most matches to scaffolds from the same body site. However, vaginal spacers had more matches to the gut scaffolds, both in terms of total matches between spacers and scaffolds ( Fig. 6B ) as well as in terms of the number of spacers with at least one match (Supplemental Fig. S12B ). This was also true when vaginal spacers were viewed between and 15 within individuals ( Supplemental Table S3 ). It is possible that sequencing depth may have resulted in under-sampling of vaginal scaffold matches or that there were more scaffolds from the gut that serve as potential targets for vaginal spacers due to the higher diversity in the gut. The vaginal and gut genomes recovered here likely came from different populations, as evidenced by the amount of variation observed in full-genome and genomic fragment alignments within subjects, and the average pairwise nucleotide identity between the coassembled genomes (Supplemental Fig. S13 ). Furthermore, SNPs within the vaginal read data 20 mapping to the co-assembled genomes of L. iners and L. crispatus from the vagina indicated strain variation (L. iners and L. crispatus were deeply sequenced to a median of 219x coverage, with a range between 17x and 1180x). However, the frequency of SNPs unique to the gut read data that mapped to the corresponding vaginal strain genome from the same subject indicates that the pool of sequences used to assemble each of the genomes in the vagina and gut were 25 not the same (Table 2 , number of SNPs deemed significant based on the probability that a SNP is a product of random variation or sequencing error). For example, 1% of the SNPs that mapped to the vaginal L. iners genome from subject Term4 were unique to that subject's gut read data (>400 SNPs distributed across the genome). Given that L. iners was assembled from the vagina of subject Term4 at 168x coverage, we would expect to recover almost all SNPs present in the gut read data (which achieved 7x coverage) if the sequences came from the same source.
DISCUSSION
The human vagina, oral cavity, and gut in combination with the microbial organisms, their genomes and functions within these body sites (microbiomes) reveal mutualistic relationships in which the host provides nutrients and a specialized niche, and the microbiota 
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Analyses of community gene content indicated that while the individual was the strongest source of sample-to-sample variation, a significant gestational age (time) effect was observed for most subjects at all body sites. In addition, the dominant taxon (in vaginal communities) and adverse pregnancy outcome, e.g., preeclampsia (in gut and saliva communities) also appeared to be significant factors. For example, samples from subjects with 15 a BMI > 25 appear to cluster closer to each other than to samples from other subjects. The small number of subjects in this study and the even smaller number with adverse pregnancy outcomes render any effort at this point to infer biological significance to this association problematic.
A previous analysis of the gut microbiota at two time points during pregnancy from a 20 larger cohort of pregnant women reported an increase in diversity from the first to the third trimester (Koren et al. 2012) . In contrast, our data indicated a decrease in diversity over time in our 10 subjects. Detailed longitudinal analyses of larger numbers of subjects, well-characterized for the presence or absence of gestational diabetes, BMI, and adverse outcomes will be needed for identification of biological leads.
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The genomes of six strains of Gardnerella vaginalis were reconstructed and analyzed. reconstructed from full-genome alignments, as well as from core SNPs, based on 34 publicly available genomes along with the genomes recovered here suggested a fifth divergent clade within the G. vaginalis tree. We identified groups of genes enriched in specific functions within 10 each clade. None of the publicly available genome sequences were generated from isolates from pregnant subjects: some came from asymptomatic healthy women, while other "pathogenic" strains were isolated from subjects with bacterial vaginosis (BV) (Yeoman et al. 2010 ). However, healthy vs. "pathogenic" strains did not map to specific clades. Consistent with previous comparative genomics reports of G. vaginalis (Ahmed et al. 2012; Malki et al. 2016) , same individual provide the highest number of matches for spacers from that same individual (Pride et al. 2011; Rho et al. 2012; Robles-Sikisaka et al. 2013; Abeles et al. 2014 ). However, we detected phage populations that are common enough between body sites and subjects to be targeted by the same CRISPR spacers, suggesting that similar mobile elements have been encountered by the microbial communities at different body sites and by different individuals. The results reported here suggest dynamic behavior in the microbiome during pregnancy and highlight the importance of genome-resolved strain analyses to further our 10 understanding of the establishment and evolution of the human microbiome.
METHODS
Sample Selection, DNA sample preparation and whole community metagenomic sequencing
A subset of subjects from the cohort examined with 16S rRNA gene amplicon analysis in 15 (DiGiulio et al. 2015) were selected for this study. Six of these subjects (Term1-6) gave birth at term (after 37 weeks) while four of these subjects (Pre1-4) gave birth prematurely. Two of the term pregnancies and one preterm pregnancy were complicated by preeclampsia, one by oligohydramnios, and one by type 2 diabetes. Subjects and samples were selected based on whether samples were available at regular intervals (every three gestational weeks) from all 3 20 body sites, and on similar gestational dates across subjects. A total of 292 samples (101 vaginal swabs, 101 saliva, and 90 stool or rectal swabs) were selected for shotgun metagenomic analysis. No negative controls were performed for this study.
Sequence processing and assembly
More than 7 billion paired-end reads were obtained, low quality bases were trimmed using Sickle with default parameters (Joshi and Fass 2011) , adapter sequences were removed with SeqPrep (John JS 2011) , and sequences >100 bp were retained. Trimmed reads were mapped to the human genome version GRCh37 with BWA (Li and Durbin 2009), and human reads were filtered out. Alignments were originally performed before release of Genome Reference 5 Consortium Human Build 38 in December 2013. Regardless of the reference, some human derived reads usually remain after filtering due to natural variation in the human genome. We do not expect that there would be any differences in our conclusions if we were to have used Build 38, as the mapping across our datasets was done relative to the same human genome Build.
Non-human reads were co-assembled across all time points per subject, per body site, with 
Calculations of relative abundances of genes and genome bins
Non-human reads were mapped to the co-assembled scaffolds from each subject (per sample) 5 using Bowtie 2 (Langmead and Salzberg 2012) with default parameters. Vaginal genome bin abundance was calculated by dividing the numbers of reads that mapped to all scaffolds within a bin, by the total number of reads that mapped to all scaffolds within a subject.
16 single-copy ribosomal protein (RP) gene sets were used to estimate bacterial diversity within body sites, as previously described (Hug et al. 2016) . In total, 22,737 ribosomal 10 proteins annotated as L14b/L23e, L15, L16/L10E, L18P/L5E, L2 rplB, L22, L24, L3, L4/L1e, L5, L6, S10, S17, S19, S3, and S8 were identified in 4,650 scaffolds from all body sites. Individual RP gene sets were clustered at 99% average amino acid identity (AAI) with usearch64 (Edgar 2010), and scaffolds containing the same sets of clustered RPs were considered to be derived from the same taxon (accounting for a total of 4,024 taxa). Scaffold coverage was used to 15 estimate read counts for predicted genes, UniRef90 gene families, and RP abundance tables Hierarchical clustering on the Jaccard distances of the presence/absence orthologous groups was performed with the vegan package (Jari Oksanen et al. 2017) , and the heatmap was created with the pheatmap package (Kolde 2015) in R (R Core Team 2017). The number of clusters was determined visually from the hierarchical clustering, and the list of genes within each cluster was obtained with the function cutree from the R package "stats" (R Core Team. 2017). The enrichment of genes within functional categories was estimated from the number of 5 genes in each functional category within each cluster divided by the total number of orthologous genes in each cluster. kSNP3.0 (Gardner et al. 2015 ) was used to build phylogenetic trees from whole-genome SNP patterns in Lactobacillus iners, Lactobacillus crispatus, and Gardnerella vaginalis. iRep (with default parameters) was used to estimate the replication rate of genomes reconstructed 10 from the vaginal metagenomic datasets as in Brown et al. (Brown et al. 2015) .
Strain comparison across body sites
Bowtie 2 (Langmead and Salzberg 2012) was used to identify reads from the gut dataset that mapped to the genome of each Lactobacillus species assembled from the gut. Then Bowtie 2 was used to map that subset of reads against the corresponding vaginal population genome 15 assembled from the same subject. Reads from the vaginal samples were also mapped to the corresponding Lactobacillus species assembled from the vagina. VarScan (Koboldt et al. 2012) was used to identify the SNPs, with parameters, minimum coverage > 3 and p value < 0.05.
Identification of CRISPR repeats/spacers, predicted Cas proteins, and CRISPR-Cas systems 20
The program Crass (Skennerton et al. 2013) , with default settings, was used to identify CRISPR repeats and spacers from all reads from each sample. The output was parsed using CRISPRtools (http://ctskennerton.github.io/crisprtools/). HMMER3 (Mistry et al. 2013 ) was used to search all predicted proteins against a Cas proteins HMM database created from alignments from refs (Makarova et al. 2015; Shmakov et al. 2015) . The HMM database can be found in Supp. Data 6 from (Burstein et al. 2016) . CRISPR-Cas system types were identified based on the presence of 2 predicted Cas proteins. CRISPR-Cas types were only calculated for gut and saliva samples (vaginal samples had low organismal diversity). Cas types that were incomplete were marked as unknown/unclassified.
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Detection of potential phage and plasmid sequences and dynamics of spacer matching For body site-specific analysis, CRISPR repeats and spacers were extracted from the reads combined across all sites. For individual analyses, CRISPR repeats and spacers were combined for each body site within subjects (term1 vaginal reads, term 1 gut reads, term1 saliva reads, etc.). A spacer was recorded as a match to a scaffold if the spacer matched with at least 10 85% identity across 85% of the spacer length against a scaffold using BLASTn (Camacho et al.
2008)
, with the parameter "-task blastn-short".
DATA ACCESS
The generated sequencing reads have been deposited to the NCBI Sequencing Read Samples are color-coded based on the most abundant taxon. C., F. NMDS and RDA plots from gut samples. D., G. NMDS and RDA plots from saliva samples. Gestational age and health complication were used to constrain the RDA analysis in (F) and (G). Complication: uncomplicated (5 subjects); preeclampsia (3 subjects); other, i.e., type II diabetes (1 subject);
and oligohydramnios (1 subject). 
